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Abstract. Electrical and thermoelectrical properties of amorphous chalcogenides Cu1-xAgxGeAsSe3 (x = 0.5-
1.0) were examined in the temperature interval from 10 to 400 K at atmospheric pressure and at 300 K under 
pressures to 50 GPa. All the materials were found to exhibit ionic or mixed electronic-ionic conductivity. 
1 Introduction  
Glassy chalcogenide systems are interesting objects both 
from the fundamental and applied viewpoints since their 
transport characteristics can be purposefully controlled. 
When external parameters or concentration are changed, 
the conductivity regime (semiconductor or fast ionic 
conductor) or the shares of electronic and ionic 
conductance can change too [1, 2]. For example, ionic 
conduction in glassy materials appears at a lower 
temperature than in similar crystalline species [3]. The 
aim of this work was to study electrical and 
thermoelectrical properties of amorphous chalcogenides 
Cu1-xAgxGeAsSe3 (x = 0.5; 0.8; 0.9; 1.0) in the 
temperature interval from 10 to 400 K at atmospheric 
pressure and at 300 K under pressures to 50 GPa. 
 
2 Materials for investigation  
The compounds were synthesized by melting 
stoichiometric quantities of the corresponding elements in 
evacuated and argon filled silica tubes, and further they 
were quenched with water or a CaCl2 solution. X-ray 
diffraction experiments and qualification of the materials 
were performed by means with a Shimadzu XRD 6000 
diffractometer in CuKα radiation. Glass surfaces were 
studied with a scanning electron microscope JEOL–
JSM6390LA, and microanalysis of samples was carried 
out using an energy-dispersive X-ray microanalyser 
JED–2300 on a fresh fracture of samples. These studies 
confirmed that all bulk glasses were homogeneous. X-ray 
diffraction patterns of glassy multi-component 
chalcogenides of copper and silver contained typically 
two or three broad diffusion peaks (figure 1). The first 
broad diffusion peak at 2θ~150 arises from medium-range 
structural order, while the second (2θ~300) and the third 
(2θ~500) peaks result from correlations between the 
second and the nearest neighbors [4]. 
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Fig. 1. X-ray diffraction patterns of powder samples Cu1-
xAgxGeAsSe3: (1) x=1; (2) x=0.9; (3) x=0.8; (4) x=0.5. The 
peak at 2θ~150 is due to Cu doping. 
3 Experimental  
Electrical properties were examined by means of 
impedance spectroscopy in the frequency range from 0.5 
to 200 kHz and in d.c. in the cells with reversible and 
blocking electrodes. 
All temperature dependent electrical measurements 
were carried out in a dark evacuated closed-cycle helium 
cryostat at temperatures between 10 and 400 K. 
High pressures were generated in a diamond anvil cell 
(DAC) with anvils of the "rounded cone-plane" 
(Verechagin-Yakovlev) type made of synthetic 
carbonado-type diamonds [5]. Anvils made of synthetic 
diamond consisted of dielectric grains of diamond with 
layers of conducting materials. These anvils are good 
conductors and allow measurements of electrophysical 
properties of samples placed in the DAC. We used these 
anvils to study phase transitions for large groups of 
metals, dielectrics, and semiconductors. In our 
experiments, a rounded cone (top anvil) with a radius of 
about 1 cm was employed. The diameter of the contact 
spot was about 0.2 mm. The pressure estimation 
procedure described in [5] was tested on different 
materials. The estimation error depends on the 
mechanical properties of the compressed material and did 
not exceed 15% of the measured pressure in the range 
between 15 and 50 GPa. 
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Materials that underwent severe plastic deformation 
are examined after this treatment. It is well known that 
changes occurring during severe plastic deformation may 
disappear after processing. We demonstrate that with the 
use of a diamond anvil cell the properties of materials can 
be studied immediately during severe plastic 
deformations. Electrical parameters, thermo 
electromotive force (thermoemf), and arbitrary heat 
transfer were used as sensitive parameters. In 
measurements of thermoemf, the temperature difference 
between cold and hot faces of a sample was about 1 K. 
The accuracy of temperature measurements was about 
0.05 K. The differences in the temperature between cold 
and hot faces of a sample at a constant heat rate allowed 
us to carry out relative measurements of thermal transfer 
through the sample. This allowed us to estimate heat 
conductivity and thermal capacity during severe plastic 
deformations directly. 
4 Results and discussion 
4.1. Frequency dependences of electrical 
properties 
Impedance measurements were carried out to distinguish 
the properties of the bulk sample from those of the 
electrode/sample interface. Dispersion spectra of Cu1-
xAgxGeAsSe3 compounds were analyzed. A typical 
impedance plot of Cu1-xAgxGeAsSe3 (x = 0.9) is shown in 
figure 2.  
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Fig. 2. Impedance hodographs of the cell with Cu1-
xAgxGeAsSe3 (x = 0.9) at 300 K. 
 
All the spectra are characterized by the presence of 
two clearly distinguished regions – high frequencies (HF) 
and low frequencies (LF). The equivalent circuit of the 
cell can be represented as two straightforwardly 
connected parts, one of which describes the bulk response 
and the other deals with the electrode processes. At high 
frequencies the form of the impedance plots may be well 
approximated by semi-circles which go through the 
origin (0,0), with the centers being lower than the 
abscissa axis in all cases. The corresponding part of 
equivalent circuit can be approximated by parallel 
resistance, geometrical capacitance, and a constant phase 
element (CPE). 
 
4.2. Temperature dependences of electrical 
properties 
Temperature dependences of conductivity σ(T), dielectric 
permittivity ε(T), and the loss tangent of dielectric tg δ(T) 
of the compounds were examined at fixed frequencies in 
the HF region of the impedance measurements. The 
temperature versus conductivity dependences for all the 
compounds are of a semiconductor type (σ=σ0exp(-
Ea/kT)) with different values of activation energy at 
different temperatures. To separate the ionic and 
electronic contributions to the current, measurements 
were performed in a cell with ionic electrodes (Ag4RbI5 
and 5CuCl*3RbCl). 
All the compounds are mixed ionic-electronic 
conductors with the ionic transport onset temperature in 
the interval from 150 to 240 K; the share of ionic 
conductivity depends on х (40%-95%). The temperature 
ranges of the beginning of ionic current were determined 
as a crossing of the areas where the σ(T), ε(T), and tg 
δ(T) curves slopes increase rapidly, which corresponds to 
the onset of ionic conductivity since this leads to the 
appearance of free charges in the bulk and hence to 
possible large polarization. The area of the beginning of 
ionic current in the examined compounds is higher than 
for the compounds without copper, and the share of the 
ionic current is smaller than for the compounds 
containing only silver (Table 1). 
 
Table 1. Temperature ranges of the beginning of observable 
ionic current, the share of ionic conductivity, and conductivity 
of Cu1-xAgxGeAsSe3 at 300 K.  
 
Cu1-xAgxGeAsSe3 T, K 
σion/ σ Σ 
(at 300 K) σ, S/m 
х=1 150-170 0.95 1.1·10-3
х=0.9 190-240  
0.9 1.2·10-4
х=0.8 160-230 0.5 1·10
-4
х=0.5 160-230 0.7 3·10
-7
 
The total conductivity and activation energy decrease 
as the content of copper increases. 
4.3. Pressure dependences of electrical 
properties 
The impedance hodographs in the considered pressure 
range have an electrode process branch at low 
frequencies. The presence of these phenomena is 
indicative of a significant share of ionic conductivity in 
the examined materials (figure 3). 
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Fig. 3. HF parts of impedance hodographs for 
Cu1-xAgxGeAsSe3 (x = 0.5) at different pressures. 
 
The real part of the admittance and the dielectric loss 
tangent for Cu1-xAgxGeAsSe3 (x = 0.5, 0.8, 0.9) increased 
exponentially (figure 4) when the pressure was raised 
from 16 to 50 GPa. At fixed frequencies, the real part of 
the admittance is approximated by the function 
   
σ (P)= σ 0 +αe P/β = σ 0 +αe PΔV/ βΔV    (1) 
 
where σ0 is the conductance at atmospheric pressure (or 
zero surplus pressure), P is pressure in GPa, α and β are 
parameters depending on the electrical field frequency 
and on the material composition, ΔV is the activation 
volume of conductance, PΔV is mechanical work to be 
spent by an ion in the presence of electrical field to 
facilitate the ion jump. 
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Fig. 4. Pressure dependences of the dielectric loss tangent for 
Cu1-xAgxGeAsSe3 (x = 0.5) at different frequencies. At fixed 
frequencies, the tangent is approximated by the function  
tgδ(P)= y0 + A1 e P/P0. 
 
The activation volume is a measure of the volume 
change required for the motion of a mobile ion through 
the transport bottleneck or a measure of the extent to 
which the lattice must be changed (expanded or 
contracted) to facilitate mobile ion passage through the 
bottleneck or the window. The activation volume was 
derived from the pressure versus conductivity 
dependence using the first term (the second term is 
negligible) of the equation [6] 
ΔV=-RT(∂ ln(σT)/∂P)T +RT(∂ ln(nq2 d2νγ)/∂P)T    (2) 
which is obtained on the ground of the known 
thermodynamic identity 
ΔV=((∂ΔG /∂P)T           (3) 
where ΔG is the free energy of activation or Gibbs 
energy, R is a fundamental constant, n and q are the 
activated mobile ion concentration and the ion charge 
respectively, d is the intersite distance, ν is the jump 
frequency, and γ is a geometry factor. 
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Fig. 5a. Pressure dependences of activation volume for 
Cu1-xAgxGeAsSe3 (x = 0.5) at different frequencies. 
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Fig. 5b. Pressure dependences of mechanical work on moving 
an ion in electrical field (evaluated as A=ΔVP) in  
Cu1-xAgxGeAsSe3 (x = 0.5) at different frequencies. 
 
The sign and values of the activation volume (the 
pressure dependences of the activation volume for the 
material with x=0.5 are given in figure 5a) are typical of 
good ionic conductors with mobile cations Ag+ [7-10]. 
The low values of mechanical work (the pressure 
dependences of mechanical work for the material with 
x=0.5 are displayed in figure 5b) at pressures to 30 GPa 
confirm that there are good conduction paths for ions in 
the glass networks. 
A decrease in pressure leads to hysteresis of electrical 
characteristics for the considered materials. The 
conductivity and dielectric loss tangent magnitudes 
(figure 6) actually return to the values observed before 
the pressure increase. This attests to reversible changes in 
the electronic or glass structure. A similar hysteresis was 
observed for the glassy materials (GeSe)1-x (CuAsSe2)x 
[11]. 
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The baric intervals exhibiting essential changes in the 
electric properties in a.c. were displaced to greater 
pressures when the content of copper increased. These 
intervals were 34-35, 35-37, and 36-37 GPa for х = 0.9, 
0.8, and 0.5, respectively. The reason for this increase in 
pressure may be the difference in the atom radii of copper 
and silver. When x decreases, a part of silver atoms is 
replaced by copper atoms. The silver atom has a large 
effective ionic radius as compared with that of the copper 
atom. The pressure-induced deformability of the larger 
Ag+ ion can affect the properties of the material under 
smaller pressures. 
The values of thermoemf are high which is typical of 
semiconductors and mixed electronic-ionic chalcogenide 
semiconductors. 
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Fig. 6. Pressure dependences of the dielectric loss tangent for 
Cu1-xAgxGeAsSe3 when the pressure increases (full symbols) 
and decreases (open symbols): (a) x=0.9; (b) x=0.8; (c) x=0.5. 
Figure 7 demonstrates pressure versus thermoemf 
dependences for Cu1-xAgxGeAsSe3 (x=0.5) when the 
pressure increases and decreases. 
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Fig. 7. Pressure dependences of thermoemf for Cu1-
xAgxGeAsSe3 (x=0.5) when the pressure increases (1) and 
decreases (2). The arrows indicate the direction of the pressure 
change. 
 
The behavior of thermoemf (change in the sign, a 
quick increase and further decrease) with an increase in 
pressure are indicative of the change in the nature and 
quantity of carriers, as well as in the proportion of the 
ionic and electronic conductivity. The thermoemf values 
returned practically to values observed before the 
pressure increase. This confirms the suggestion about the 
reversible changes in the electronic or the glass structure 
under pressure. 
 
5 Conclusion 
The amorphous materials Cu1-xAgxGeAsSe3 were found 
to have ionic or mixed electronic-ionic conductivity. The 
mobile ions are Ag+ and Cu+. The temperature ranges for 
the onset of the ionic transport and the shares of the ionic 
conductivity component were established. The baric 
dependences of thermoemf, impedance, and of the 
dielectric loss tangent of the amorphous chalcogenides 
Cu1-xAgxGeAsSe3 during pressure increase and decrease 
were analyzed. When the pressure decreased, hysteresis 
of electrical characteristics was observed. 
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